APPROVED FOR PUBLIC RELEASE. 





UN. LAB. DiV.6 

doc^N' f.n t roo m 

To iT'Jl HlMOVl! 
FROM 

^ T m$ _R0QM 

DIGITAL COMPUTER LABORATORY 


MASSACHUSEHS INSTITUTE OF TECHNOLOGY 






APPROVED FOR PUBLIC RELEASE. CASE 06-1104. 



Report E-212 


nfiBQBLBCTRICS 

roE 

DiailAL IHFOBMATION STOBACa 
ARD SVITCHIMO 



b 7 

Dudley Allen Buck 


DIGITAL COMHJTIR LABQRATOBI 
NASSACHUSITTS IRSTIIUTI OF TBCHIIOLOOT 
Caabrld^ 39 • Naaeachueette 



June 5. 1952 

(Theala Date: Nay 16. 1932) 








APPROVED FOR PUBLIC RELEASE. CASE 06-1104. 


Report B^212 


pomwohd 


This report was originally issued as a thesis 
report axui as sxich receired hut limited distribution. So 
as to extend the distribution to the many who have expressed 
interest in ferroelectric components for digital ixiformation 
storage and switching, this report is now issued as an N. 1. T. 
Digital Computer Laboratory B-series report. 

The author is indebted to Professor Arthur R. von Hippel, 
Director of the M. 1. T. laboratory for Insulation Resesirch; to 
Mr. Jay W. Torrester, Director, and Mr. William M. Papian of the 
N. I. T. Digital Computer Laboratory: end to the staffs of their 
respective laboratories, whose combined efforts made this wozic 


possible. 





APPROVED FOR PUBLIC RELEASE. CASE 06-1104. 

Report R>212 

Q 

ABSTRACT 

nRRCBlBCTRlCS FOR SICIIAL IRRORMATIOI STORAGS AND SVaTCHllia 

Dudley Allen Book 

Subaltted for the degree of Master of Science 

in the 

Departaent of llectrioal Xngineerlng 
on Nay 16. 1952 




Materials hare recently been discorered within which exist 
doaains of persianent electric dipoles* These naterisils. naaed ferro- 
electrics, can be used to advantage in aany electronic applications where 
ferroasignetic aaterials are currently used, often in circuits idiich are 
the duals of those of their ferroaagnetic counterparts* ferroelectrica 
can be aade in the fora of single crystals or rugged ceraaics* 

Digital inforaation can be stored in a aatrlz of ferroelectric 
condensers* and aoi efficient aethod of storsige-eleaent selection is 
aTsilable in the fora of a two»coordinate. coincident-voltage scheae* 

The aatrlz can bo node on a thin ferroelectric sheet by painting the 
coordinate rows on one side and the coordinate eolnana on the othor* 

The inforaation can be taken froa the aatrlz via a siaple aizlng 
transforaer* 

Multi-position switching can be accomplished with a group of ferio- 
electric condensers* The logical circuitry of such a switch, capable of 
accoaplishing many of the switching tasks in a hi^.-speed inforaatioa- 
handling aystea. can be painted directly onto the two sides of a thin 
ferroelectric ceraaic sheet* 

ferroelectrics for pulsed applications are best studied by pulse 


ill 
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nethode, which allow their properties to be studied without significant 
heating of the saaple, find with rather low-powered test equipnent* A 
bariuB titanate eeraaie« which• when pulsed* switches in about one nlcro- 
second* is on the borderline of suitability for the memory application* 

The pilsed properties of this material are temperature dependent* 

Thesis SuperTisor: Arthur R* Ton Hippel 

Titles Director of the M* I* T* 
Laboratory for Insulation 
Research 
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CHAPTSB I 

IMTRQDUCTIOM TO FKRROBUSCTEICS 


Bnglneers bare long utilised the reeidtial Induction of a ferro¬ 
magnetic material for Information storage* Such devices as the magnetic- 
wire and magnetic-tape recorders* the magnetic-drum computer memory* the 
magnetic stepping register* emd more recently* the multi-dlmenslonal magnetic- 
core memory all depend upon residual Induction for their operation. The 
existence within a material of domains of permanent magnetic dipoles Is a 
requisite for the phenomenon of residual Induction* 

Recently* materials have been discovered within which domains of 

12 3 

permajient electric dipoles exist* ' These materials* named ferroelectrlcs* 

exhibit residual displacement and have hysteresis loops In the D-R plane 

similar to those of the ferromagnetic materials In the B-S plauie (Rigs* 1*2)* 

> 

The residual dlspleu:ement of ferromagnetic materials Is a basis for digital 
Information storage* maklzg possible the use of ferroelectrlcs In applica¬ 
tions similar to those In which ferromagnetic materials are currently used* 

The phenomenon of ferroelectricIty has been observed In three groups 
of materials whose representatives are Rochelle salt* dlhydrogen potassium 
phosphate* and barium tltamate* It was decided at the outset that the In^ 
vestlgatlons of this thesis should be made on materials of the third group* 
represented by barium tltanate* Barium tltsmate* unlike the others* can be 

1* A* von Hlppel emd co-workers* NDRC Reports 14-300 (August* 1944), 

14-540 ( 1945 )* 

2* A. von Hlppel* *Ferroelectrlclty * Domain Structxire* and Phase Transitions 
In Barium Tltanate** Lal?org.tQry Lsl Ineulatlon Research technical Report 
XXTIl . Massachusetts Institute of Technology* March 1950; Reviews of 
Modern Physics . Vol* 22* Ho* 3* pp 221-237* (July* 1950)* 

3* V* J* Mere* *The Rlectrlc and Optic Behavior of BaTlO^ Single-Crystal 
Domains** The ftiyslcal Hevlew . Vol* 76* Mo* 8* pp 1221-1225 (October I 5 * 

1949). 
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prepared in the fom of a nidged earamlo which exhibits ferroelectrieity 
orer a wide temperature range, and which, when conpotinded with other 
titanates, can be tailored to a wide variety of electrical properties. 

The remanent charge of a ferroelectric condenser (the residual 
displacement integrated over the area) is not to be confused with the 
charge of an ordinary condenser which has been subjected to a direct 
voltage. The charge of an ordinary condenser will *leak off” with time, 
whereas the remanent charge of a ferroelectric condenser will remain over 
a period of weeks even though the condenser terminals are short circuited. 
The remauaent charge of a ferroelectric condenser represents a stable state 
for the dielectric; for an ordinary condenser, the only stable state is that 
with zero charge. 

ferroelectrics can be used in circuits which are, in general, 
the duals of those in which their ferromagnetic counterparts are used. 
Toltages sources snist be substituted for current sources as drivers, and 
current detectors must be substituted for voltage detectors for observing 
changes in stored information (fig. 3)* 

When a magnetic core, as it switches, moves from a saturated 
region of its hysteresis loop out onto a steep region and demands power 
to supply its switching losses, it does so by raising its impedance as 
seen by the driving winding, for this reason, it is best driven by a 
current source. A ferroelectric condenser, u it switches, lowers its 
impedance when it requires more power, auid therefore should be driven by 
a voltage source. If driven by the incorrect source, both the magnetic 
core and ferroelectric condenser may switch quite slowly, the switching 
speed being limited by the source and not naeesssurily by the physical 
properties of the material. 





APPROVED FOR PUBLIC RELEASE. CASE 06-1104. 


Baport 


3- 


InfoxaKtion la stored in a Ba^netic core in the font of remanent 
nux» either in a positire direction or a negatire direction* Changes in 
the stored information (changes in the flux) aianifest themselxes as Yoltsiges 
across a winding on the magnetic core. Therefore, a Toltage detector is 
needed to detect information changes in a smignetic-core circuit. A ferro¬ 
electric condenser, on the other hand, stores information in the form of 
a remanent electric charge. Changes in the stored information (changes 
in the charge) allow currents to flow in the condenser circuit. A current 
detector is therefore needed to detect information changes in ferroelectrics. 

With this dualism in mind, we can explore the possible applications 
of ferroelectrics to digital information storage and switching circuits which 
at present InTolre magnetic cores. Two additional characteristics of ferro¬ 
electrics which distinguish them from magnetic cores must be kept in mind: 

1. Because Sir B « 0, one must proride a closed path for the 
lines of flvLX in a magnetic circ\iit, particularly if one desires a rec¬ 
tangular hysteresis loop. Jor this reason, magnetic cores in this applica¬ 
tion are usually made in the shape of rings or toroids. An electric field, 
howerer, can terminate on any charge-carrying material; this fact allows 
ferroelectric condensers to be made in the form of thin sheets with elec¬ 
trodes plated, or fired, on the sides. 

Information is ordinarily transferred in a digital information¬ 
handling system in the form of electric pulses. With magnetic cores, a 
transformation between an electric field and a siagnetlc field must take 
place when information is being stored amd a^in ^en it is boing read. 
Yerroelectrics, howerer, store information in the form of an electric 
charge; this fact relieres ferroelectrics of the difficulties inrolred in 
obtaining flux linkages. 
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2» Durio^ Bwltchio^ from one remanent state to the other • or 
more 8lnpl7, when the sign of the remainent flux or charge is being changed, 
energy is dissipated* On a per-unlt-Tolume basis, ferroelectrlcs often 
have an energy loss due to switching more than one hundred times that of 
the ferromagnetic materials* This poses a heating problem due to switching 
losses* fortunately, the thin->8heet fabrication of ferroelectrlcs facilitates 
cooling. This large difference in switching loss is Illustrated in Table 1* 
Losses for the warlous materials are computed as twice the product of the 
remanence times the coercive force, and as such are but approximations* 


Table i Loss Comparison 


T- 25 C 

Material 

Approximate Hysteresis Loss 
Joules /m^ 

ferro- 

BaTiO- single crystals^ 

5i000 

electric 

2 ' 

BaTiO^ ceramic 

15.000 


DeltaauoP 

23 


Sllectron^ 

302 


4-79 Molybdenum Permalloy 216 

11 


Terramic^ A 

36 

ferro- 

(ferrite) B 

40 

magnetic 

C 

90 


1) 

21 


X 

20 


0 

4 


H 

4 


ISl 

1* M* I* T. Laboratory for Insulation Research 
2* The Clenco Corporation, Netuchen, Hew Jersey 
3* Alle^eny Lodlum Corporation, Brackenridge, P&* 

4* ARMCO Steel Corporation, Hiddletown, Ohio 

5* General Ceramics and Steatite Corporation, Keasbey, Hew Jersey 

Both ferromagnetic and ferroelectric siaterials operate as such 
only below a certain maximum temperature* This temperature, known as 
the Curie temperature, or Curie point, is the temperature at which the 
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dipole donaine within the material are no longer able to spontaneonely 
align theneelTea against the randomlxlng action of thermal Tlbratlons* 

At the Curie temperature, the hysteresis loop disappears. 7or pore bao-lum 
tltanate, the Curie temperature Is approximately 120 C, and Impurities or 
addltlwes hare been obserred to lower It. Most of this thesis Inrestlgatlon 
was carried out on a barium tltanate eenale body designated "Z>-16*, made 
by the Olenco Corporation of Netuehen, Hew Jersey. This body, containing 
certain addltlres, was selected because Its hysteresis loop Is slightly 
more rectangular than that of ordlxiary barium tltanate ceramics. Because 
of the addltlTes, the Curie temperatiire Is lower them 120 C (fig. 2). 

The lower Curie temperature of barium tltanate Is a dl sad wantage 
In applications In which the dielectric must exhibit a hysteresis loop dur¬ 
ing operation, especially In rlew of the high switching loss which leads 
to dielectric heating. Long before the Curie temperature Is resiched, 
howewer, many changes occur In the electrical charsusterlsties of barium 
tltanate. These changes with temperature are not wery ewldent from the 
sequence of hysteresis loops shown In figure 2, but the teats of Chapter II 
of this thesis show what a radical effect the temperature can hare on the 
pulsed chairacteristics of the material. As already mentioned. It Is 
fortunate that the thin sheets of ceramic, as the material Is usually 
fabricated, are In a form which csui be easily cooled. 

An additional factor to be considered In engineering designs 
employing ferroelectric ceramics Is long-term drift, or aging, of the elec- 

trlcskl properties—a problem which Is shared by ferromagnetic materials. 

5 

Rahanow has reported tsaportoy changes In the shape of hysteresis loops 

4. A. T. Rshanos, Ihur Bxsp. Teoret . fit . 19.335-^5 (1949)» Reported In 
Ingllsh by reference 5. 

5. S. R. Toung, "Temporary Bnhanceeient of Hysteresis Loops In Barium Tltanate 
Samples," The Jour nal of Aimlled Rursics . Tol. 22, Mo. 4, (April 193I)* 
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du« to hl^-fleld excitation abore the Carle Tenperature* followed by a 

I 

Blow drift back to nomal with a tlae-conetant of the order of 100 hours* 

In this thesis inwestlgatlon, certain ferroelectric condensers were obserred 
to acquire asyMtrle properties* as though a^ui^ln* bias were present* 
upon sitting Idle for sereral days* 




M^inre 4 sho«rs the saaples put to test In the thesis Inrestl^atlon* 
Ths various saaples are: 

0 

A* Olenco body *X-1B* — *025" thick* silver paste electrodes* 

P-* fienerel Cerealea asd. Steatite body #66431 varleoe siaee and 
thicknesses* sIItst paste electrodes* 

C* Olenco body *X**I8* •— •010* thick* 

0* Olenco body *X*-48* <— *010" thick* 

K* Bod^ Bade fron Tlcon B (Tltanftna Alloy Manufacturing Caapsa^y* 
Bow Tozk* I* T*} by the Xleetrleal Ceramics Laboratory of 
the N. I* T. laboratory for Insiilatlon Besearch* 

I* Olenco bodies *X*-48* and *Z>-18* * *010" thick with evaporated 
silver electrodes* 

la spite of the present UaltatlonB of barium tltaoate ceramics* 
the use of the material for pulsed operation In digital Information-handling 
systsms poses exciting possibilities* As will be shown* circuit components 
made with bairlaa tltaaate rvramlc promise unique and compact packaging pltis 
very rapid operation. In addition* the material can be easily fabricated 
ajid promises to be most Inexpensive* 

Chapter II of this thesis describes methods* equipment* and the 
results of pulse tests performed on bexlum titanate ceramics* while Chapter 
111 describes a proposed ferroelectric two-dimanslonal matrix memory and 
Chapter IT describes a multi-position ferroelectric switch* 
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CHAFIBB 11 

RJLSB IB3TI1IQ QT FIBBQBI^CTRICS 


A. HJLSX METHODS TS. STEADY-STATE METHODS 

Dielectrics can be etiadled by pulse-teet nethode, by sinusoidal 

I 

steady-state test methods, or by a combination of the two* In principle, 

67s 

the same ixiformatlon can be obtained from any of these test methods, * ' 

Because the comparison of Information obtained from one method with that 

obtained from another is often mathematically difficult, it Is usually 

desirable to test a dielectric by the method most closely approximating 

the conditions under ^ich that dielectric will be called upon to operate* 

Yerroelectrlcs for digital information storage and switching will probably 

be pulse-operated. Pulse testing, therefore, naturally suggested itself 

as the proper method for eraluating ferroelectric materials for use in these 

applications* The application was the prime factor in the selection of the 

test method. 

Pulse testing has at least three additional adrantages orer the 
other test methods: 

1* Between pulses, an arbitrary length of time can be allowed for 
cooling of the dielectric* Although switching power is high during a pulse, 
a pulse-repetition frequency can be chosen which Is low enou^ that heating 
of the dielectric is negligible* The minimisation of heating during the 
experiment is especially important for the barium tltanate ceramics which 
were studied because thalr alaclrical propsrtles vary remarkably with 

6* B* Dross, "On the Theory of Dielectric Loss,” The Physical Beyiew . Tol* 59 
p* 743 , (May 1, 1941). 

7* M* J, Manning and M* E* Bell, "Dielectric Theory and Insulation,” Beviews 
of Modern Physics . Tol* 12, p* 215, (1940)* 

8* Unpiblished papers of Professor A* B* won Hippel, Laboratory for Insulation 
Besearch, Itessachusetts Institute of Technology» Cambridge, Massachusetts 
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temperature* During the course of the thesis it was suggested 

that the hlgh-fieId-strength relaxation spectrum (plot of dielectric 

constant rersus frequenc7) as obtained from steady-state measurements he 

compared with the relaxation spectrum as computed from pulse measurements* 

It was concluded that beating of the dielectric would prohibit hlgb-fleld- 

strength steady-state measurements* In fact* the small condenser shown 

at A In Figure 4 (l-square-centlmeter electrodes on the two sides of a 

0*025-lnch sheet) would dissipate over 1,000 watts In a field of 8*2 volts 

6 

per mil at 10 cycles per second—providing that It remained at room 
temperature* It would be difficult. If not Impossible, to control the 
temperature while making a meaeiirement of the dielectric constant* In 
addition, there would be driving difficulties* This brings up the second 
point* 

2* Pulse-test equlimmnt also can rest between pulses* Althou^ 
the equipment smst be capable of supplying the pesik power demanded by a 
ferroelectric sample as It switches, the average power csui be quite low* 

Large pulse energies can therefore be supplied to a sample ^th rather 
modest equipment* 

3* Breakdown of the dielectric caused by heating (such break¬ 
down Is believed to occur In many dielectrics) is prevented by the use of 
pulses so short that the dielectric does not overheat* llimination of 

thermal breakdown as a causefor failure of the dielectric then allows pulse 
» 

voltage amplitudes to be applied which exceed the steady-state breakdown 
voltage of the dielectric* Pulse measurements can thus be extended Into a 
region not accessible to steady-state measurements* 

B* niLSI IBST8 OP THIS THSSIS 

In the pilse tests a ferroelectric condenser Is subjected to 
voltage pulses of adjustable amplitude and of either polarity In a meaningful 
sequence* Two sequences were chosen for the tests (Figure $)• The first. 







APPROVED FOR PUBLIC RELEASE. CASE 06-1104. 

Beport B-212 

designated Mode A . was designed to study the switching speed end the 
switching losses of a ferroelectric* The second, designated Mode B « 
was designed to eraluate rarioas ferroelectric materials for use in the 
two-difflenslonal ferroelectric memory described in Chapter III of this 
thesis* 

Almost as important as the resxilts of a test is a careful 
description of the techniques auid equipment employed, with special atten¬ 
tion to the limitations of the equipment* All too often imjMrtant effects 
are masked or blurred by inadeq\iate amplifier bandwidths, aind anomalies 
are Introduced which are peculiar to a particular testing sequence* There¬ 
fore, before a discussion of the results of these tests, a description of 
the tests and of the equipment will be glren* 

1* Mode A Tests 

Node A tests subject a ferroelectric condenser to a pulse 
sequence consisting of four pusitire pulses followed by four negatire pulses* 
The first pusitire pulse and the first negatire pulse rererse the p>olarity 
of the remanent charge, thereby switching the ferroelectric and producing 
a switching transient * The remaining three pusitlre pulses and the remain¬ 
ing three negatire pulses find the material already switched, and thus they 
produce non-switching transients * In computer terminology the svitching 
trauisient is called a 0MB, idiile the non-switchixig trusient is called a 
ZBRO. In addition, the pusitire pulses are arbitrarily called WBIIX pulses 
emd the negatire pulses are cadled BBAD pulses* The significance of these 
terms will become clearer during the discussion of information storage 
in Chapter III* Tor the pnreeent, it will be sufficient to make the obserra- 
tion that a WBITB pulse will result in a OBB transient if p>receded by a 
HKAD pulse and a ZBBO tramsient if preceded by a VBITS pulse, while a RBAB 
pulse will result in a OBB transient if preceded by a WBITB pulse, and a 
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ZSBO tranalent If preceded by a HKAS jxilee* The pulse sequence and result¬ 
ing transient sequence can then be written (Table II) for Mode A tests. 

(The CMS aind ZIRO are qualified by the word UMDISnJHBHl), the reason for 
which will be given in the next section.) 


Table II Node A Test Sequence 

Pulse 

Transient 

1. WHITS 

UBDISTUHBSI) OHS 

2. MBITS 

UHBISTUHBSl) ZSBO 

3. WHITS 

UHDISTUBBSB ZSHO 

4. WHITK 

UVBISTUHBSD ZSBO 

5. HSAB 

UNBISTUHBID OHS 

6. BBAB 

UHDISTVKBSD ZSHO 

7 . hbad 

UHDISnJBBSD ZSBO 

8. BIAD 

UHSISTUHBSD ZSHO 

etc. 



2« Jlas^ B. Tests 

Node B tests subject a ferroelectric condenser to a sequence 

of positive and negative pulses of two aaplitudas. The larger anplitude 

pilses are called WBITB pulses if positive and BBAl) pulses if negative* 

Just as in Mode A tests. The pulses of lesser aaplit\ule are culled 

* filSIUBB if positive and —4)1STUSB if negative. These disturbing pulses 

are inserted between a VHITI and a BIAS pulse te test the ability of a 

ferroelectric condenser to retain a reiianent charge under the operating 

conditions to which it would be subjected in the ferreelectrie siatrix 

■enory described in Chapter 111. further discussion of Node B teste along 

with the results of Node B tests follew the nesiory discussion in Chapter III 

Bor the present, it will be sufficient to define a DISTURBBD QHK as the 

transient associated with a BKAD pulse which follews a VBin pulse if one 

or store -HnSlUBB pulses have been inserted between the VBITI pulse axtd 
the BIAl) ixilse. The pulse sequence and resulting transient sequence can 
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then be written for Node B teste (Table 111)* 


Table 111 Node B Test Sequence 

t Poise 

Transient 

I* WEITB 

UNDISSDBBID OH 

2* VBITI 

UBDI91UEBID 

3* VBITI 

niDISTUBBll) ZKBO ' 

4. -*> msiDBi 

msmSB TBABSniT 

5* -DISTUBB 

'-^ISTUBB TBABSlUT 

69 ^D1SSJSB 

-DISTDBB TBANSUNT 

7 . -DISTDBB 

—DISTDBB THABSIMT 

B* BIAI) 

DISTDBBID QU 

etc* 



C. K^nBOBT 

1* jQu Berreelectrie Pulse Tester 

The basic ferroelectric poise-test eireolt is shown in Tlgore 7A« 

A large condenser is used as the Toltage source* and a thjrratron is used as 

I 

the switch* A snail series resistance allows the transient current to be 
neasured* and a large resistance in parallel with the ferroelectric condenser 
under test allews the circuit to stabilise after the thyratron is extinguished* 
with aero Tolts across that condenser* 

The large condenser is chosen with sufficient capacity eo that it 
loses but a snail part of its charge* and therefore but a snail part of 
its Toltage* during the poise (Pigore 7B)* The thyratron plate drops to 
when the thyratron fires (Pigure 7C)* The roltage which is applied to 
the condenser under test is the difference bet%reen the voltage across the 
large condenser and the voltage across the thyratron and small resistance* 
(Pigoro 7D)* 

Pigure 8 is a block diagran showing the way in which the 8e(iuences 
of poises are generated* A lo»>frequency poise generator operates an 
electronic counter which counts up to four* On every co\int* the osclUescepe 
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Is triggered and, after a short delay, the thyratron switch is fired* Qa 
the couAt of zero the polarity of the condenser under test Is rerersed* 

If aaklng Mods B tests, the Toltage is changed frost the read-vrlte roltage to 
the disturh Toltage, or rlce-Torsa, on the count of three* The thyxmtron 
switch Is extinguished a short tiae after it is fired* 

n.gnre 9 is a circuit scheaatie of the ferroelectric pulse tester* 
The pelarity-reTorsidg switch and the roltage-selection switch consist of 
relays actuated by thyratron flip-flope* Xtae thyratroa switch is fired by 
a posltlwe pulse on its grid, in the ususd fashion, and it is extinguished 
by a second positiTo pulse on the sees grid* It was noticed that when a 
oapeeltiasly leaded thyratron is operating in the lew-current region (close 
to ainiauB current) it any be extinguished by a uositiTs grid pulse* This 
pheaoaeaen was not found in the literature* The fellewing explanatien is 
thought te describe idiat takes place: The plate is held at the thyratron 
Toltags drop, during the grid pulse* The grid pulse, which drires the grid 
acre posltire than tbs plate, causes the spnoe charge te drain off onto the 
grid, thereby deionising the dischargs regiea* The grid then stsurts nega¬ 
tive and is able to reach its nsgstire bias roltage before the tubs can 
refire, because firing is very slow at such a lew plate roltage* Once the 
thyratroa is extinguished, the plate roltage rises exponentially to the read- 
write roltage or disturb roltage, ^icherer happens to be selected* 

The rise tiae of the roltage step applied te the saaple under test 
is approxiaatsly 0*1 nicresecoad, and a pulse length of 100 aicrosecoads is 
coHstonly used in the tests* Although the pulse has a short rise tine, it 
has a fall tine-constant of about 100 nicroseconds* A puls^repotitiea 
frequency of 70 per second was used* 

The Bothod described for extinguishing the thyratron switch has 
the rather fortunate advantage that the extinguishix^g pulse does not shew up 
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to anj' aztont acrooa the sample under test* A.11 other methods for extinguish* 
ing the thyratron which were considered consisted of driving the plate nega¬ 
tive with respect to the cathode, resulting in an unwanted extra pulse across 
the sample in the same direction as the first pulse. 

The large re sister in parallel with the sample under test (/Iguzw S) 
is mads with three identical resistors in series* Coupled directly te the 
oscilloscope vertical deflection plates, these serve as a voltage divider 
of the proper size to permit observation of the applied voltage step* 

2. Th£ Oscilloscope 

The oscilloscope used thretighout the thesis investigation was 
a Browning Model aL-15A (Serial #41)* Waveforms of voltages applied to the 
various ferroelectric samples were observed by directly coupling these 

4 

Tsltagos into the vertical deflection plates, whose measured deflection 
sensitivity is 6? volts per Inch, Switching waveforms were observed 
using the vertical amplifier, ^ose maximum deflection sensitiVlty is 0*14 
volts per inch and whose frequency response is flat within - 10^ from 20 
cycles per second te 4 megacycles per second, Teltage measurements, ^dien 
the amplifier was being used, were aiade by comparison with a built-in 
calibration voltage which is direct reading in peak-te-peah volts, ditching- 
time ebsez^atiens were mads using a driven (triggered) sweep idiese measured 
sweep speeds are 0,45* 0*96 and 4,8 mieresecends per inch, 

3* ^ ^nasil HfiAlx: t^Mrature NfUDixfiosAl ^ Control Apptratui 
figure 10 is a phetegranh ef a ferreeleetric sample being tested* 
The sample is mounted in a holder and submerged in Dew 55C fluid (Let BB-86), 
a Silicone oil. All measureaents versus temperature were taken with foil¬ 
ing temperature starting at 125 C* A mercury thermemeter was used for 
temperatures above 0 C and a pantauu thermometer below 0 C* Dry ice was 
added te the oil in chunks idienever measureaents were made below room tem¬ 


perature* 
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0. IBSOLTS or NOIB A BSTS 

As slrssAy Bsatisnsd* the resalts ef Neds B tssts are deferred 
ontil Chapter 111 heeaase Nede B teets are se intiaately connected with 
the ferroelectric aatriz menory* Bere# the results of Mode A tests are 
discussed* 

With a glTon condenser in the sample holder* two parameters were 

Tartable In the experlaents: 

!• Pulse amplitude 
2* Temperature 

Measurements were made as a function of one ef these two Tariables with the 
other held constant* figures 11* 12 • and 13 are phetegraphs of the switohinc 
transients at constant pulse amplitude (8*2 Tolts per mil)* They are in« 
eluded as an example ef the many runs made, so as te shew the approximate 
shape of the svitehiag transients and the remarkable temperature dependence 
ef the transient shapes* Ths two lines in each phetegraph are acttially the 
result ef ths eight traces ef the Nede A. test superimpesed* The current is 
measured at a point ia the circuit at which it is always of the same pelarity* 
Twe UIDISTIIBBKD s merge in the larger ef the two trsuisients, amd six 
UIUSTUBBBD 21B0*s in the msaller fer ewory major cycle ef eight pulses* 

Because the applied pulse is a oenstant-roltags pulss, the area 
under these transients has ths dimensien ef energy* The area under the 
larger transient is a measure ef the energy asseciated with the ferro¬ 
electric condenser switching, while the energy under the ssialler transient 
is the nez»-switching energy* 

The difference in area between the switching transient and the 
non-switching transient is idiat we shall here define as the dielectric 
■wltfihimr less * This area, as shown in Chai)ter III, is somewhat related te 
eur ability te discriminate between the switching trsmsient and the nen- 


switching transient 
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U Dl«l»ctric Syitcbing Loss ag * ^unction of Temp<r»tur« 

Aaplltudt 

With th« difference of these two areas taken as a measure of the 
dielectric switching loss* this less is plotted as a function of temperature 
far &lenco body "X^IB* (Jigora 14-) at three pulse amplitudes* The less la 
diTidad by the Talume of the sample used so as te yield Joules per euhie 
■ater* As can be seen, the switching less Taries with tsmpermtura* It is 
roughly constant in the region between -30 0 and room temporatura, at which 
point it drops af!f« At about 70 C it roaches a second, ssialler peak and than 
gaas to sore at the Oorio temperature* 

It is Istoresting te note that appro xi mat sly the same dipping curve 
of less versus temperature has been observed with steady-state lose-tangent 
measurements at aedorsKtely high field strengths* Such a cur ve has bean 1^ 
clxided (?igura 15) for comparison* 

The hysteresis loops at various temperatures of figure 2* taken at 
250 eyeles par seeend for the saao sMterial, do not seen te show this dippiag 
curve* This paints up the fact that hysteresis loops can be used only as a 
reu^ indication as te the probable pulsed ehsuueteristics of a naterial* 
fertieal aeveaants on ths hysteresis loop are nada up of a conbinatisn af 
reve r sible ausl i r rever s ible chsuagea* Qsa dees net knew at any instant mt 
tiae what portion of the Integrated changes up te that tias are reversible 
and what portion are i r reve rsi ble; from an arbitrary point on ths hy s ta re si a 
loop* ens does net knew in advaxeo what the exact path of ths trace would 
be if the field were suddenly renevod* Sinoo it is the irreversible changes 
which eentribute te the loss, the peer correlation between quasi-static 
hyst e r esis loops and the pulsed characteristics is understandable* 

2* Apurexinato SwltchiniC Tine as a function ef Pulse Ainlitudu at 
Censtant Temperature* 

Of concern te the engineer who is te use ferreelectries in juls^ 
eperated circuits is the speed with which they can be switched* The switching 
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•p««l h*i bMn •bterrcd t« b« * function of tho aaplitudo of tho applied 
ixilooa flguro 16 Is a plot of svltehln^ speed Tersus pulse anpUtude for 
a ploce of Clones body *X-18* barlua tltanato ceraale 0 * 025 ->lncb thick with 
0*006-squareInch sllTsr-pasto eloetredss flrsd on opposite sldss* The 
polee aaplitudo has been eenrerted ts Tslte per ail (l all * 0*001 Inch) 
rather than MLS unite becanso thin barlna tltanate eeraalc sheets ars spoken 
of as beln^ *se aaay alls* thick* net onlj b 7 the aaxmfacturers* but alee by 
nearljr all usera* Included In Tl^ore 16 Is a plot of the apprezlaate length 
of the nen-svltchln^ transient* 

It Is difficult to define svltehlni; tine; hence* the qualification 
*apprexlaate*" In the data presented In fl^^uro 16* the strltchln^ tine Is 
defined as that tine rsqulrod for ths translsnt to fall frsa Its peak 
aaplltude to lOfL of Its peak aaplltude* Ths 10^ IotsI would correspond to 
2*3 tins- constants If ths transient decayed exponentially* and we could 
then say that the transient Is substantially ewer at about twice the 
switching tine of Tlpire 16* fire tlae-censtants being the usual allowance* 

The transient Is far froa being exponential In shape* hewoTor* On tracing 
paper* exponentlale of warlous tlae-oonstants were drawn whoee Initial 
aaplltudes corresponded to the Initial height of the transients la tho 
photographs of figures 11* 12* and 13 * An atteapt was then aade to natch 
up each transient with the exponential cost oloeely reseabllng that transient* 
but with little success* It was concluded that all switehln^tlae deflnltleaa 
were equally poor but that a consistent definition allowed a plot to bo aade 
which at least ladlcates the order of aagaltude of switching tines* and which 
In ths case of this bsirlua tltanate ceraale shows that it Indeed ewltehee 
rapidly enough for our present applications* 

for hl^ pulse aaplltudes* figure 16 shows that switching tlae seeas 
to acyaptotlcally approach a lower Halt In the region of 0*25 alerooecoada* 
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I«v-fleld-etren^h bridge Beaearoeente indicate a drop-off of the dielectric 
conetant of barlna titanate between 10^ and 10^^ o/elee per eeeoad* This weeld 
predict a araoh faster switching ties than that obserred. The neasareaents 
strongly suggest that switching of the dielectric InTOlTos a snuh slower 
■eehanlt than the one studied with low-fiel^strength bridge eeasoxeaeBts* 

3* IpproxlMats awltehinr Hgg u A itX lamei&taxft Mi 

T«ilse .dUllJQldd 

A glance throng the seqasnes of photographs ef Tlgores 11 • 12 • 
and 13 will show that at a constant poise aaplltode the shapes of the 
transients vary with tsaperatnre* An atteapt has been aade* once again, 
to define a switching tins so as to aeasore to soae sztent the change in 
the transient waToshape with teaperature« flgore 17 !■ a plot of switching 
tine Torsos teaperature at two poise aaplltodes for a piece of dlsaoo body 
*1->18* 0«025*lnoh thick with 0*013-square-inch sllTsr-paste electrodes fired 
on opposite sides* The data wore taken froa two of the runs of photographs* 

The two dotted regions are where the coaplste transient did not get In the 
piotxure* The plot glrss a rou^ Indication as to the teaperature Tarlancs 
of switching tiae* 
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figure 19 is a photograph of a 64>eell ferroelectric nemory* The 

part which actually stores ioforsiation is the one-inch square of thin hariun 

titsuiate ceraalc on the top shelf* The conpactness and siapllcity of a 

ferroelectric senory along with the proaise of high operating speed was 

the priae aotiwation behind this research. In the following paragraphs. 

it will be shown how Inforaation esin be stored in ferroelectrlce. why this 

particular design wae chosen, how the aatrix aeaory works, and how well it 

aight work. It aust be said parenthetically that the aeaory shown in 

figure 19 does not actually woric* but that a aaterial has been uncorered 

which is on the borderline of suitability for the application. The batch 

of aaterial froa which the aeaory of figure 19 was aade later turned out 
V 

to hare electrical properties inferior to those of prerlous saaples of the 
saae aaterial* 

A* I0OBMA.T1OH STOEAQS II fXBHGBUCTKICS 

Digital inforaation. when presented in binary fora, consists of 
a group of eleaertary yes or no smswers. coaaonly csdled OB'e and ZBSO* s. 
which can be stored in a group of bi-reasinent derices. A ferroelectric 
condenser is one such derlce. the reaanent charge haring always one of two 
polarities. Ve can arbitrarily define a positire reaanent charge as a 
OB and a negatire reaanent charge as a ZIBO* Ve then csun say that a 
ferroelectric condenser "reaeabers" a OB or a ZIBO which has been placed 
in it* To reoorer the stored inforaatioiw-that is. to read the bi-reaanent 
storage derice—we hare aerely to apply a reference pulse and then obserre 
the nature of the resulting transient* Let us sirbitrarily say that the 
reference pulse, or BIAD pulse, is negatire* If the condenser contains a 
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on, we will obserra a ewitchl nr tranelent (uxulisturbed ORB) when the 
reference poise is applied* If, on the other hand, the condenser contains 

a ZBBO, we will obserre a noih-switching tr>u*l»nt (tmdistorbed ZBRO)* The 

\ • 

abiUtj’ of a giren ferroeleetrlft condenser to store inforndtion,therefore, 
depends upon our abilitj to' diseriJiiaate between these two kinds of 
transients* This we oan do* 

Application of a HBiJ) poise to a ferroelectric condenser leawes 
that condenser in the same reaansnt stats (containing a ZXRO) regardless 
of whether it contained, Just prior to application of the RKU) poise, a 
ORB or a ZXRO* The inforaation is therefore destroyed during reeding* 

A BssMry which is read in this way is said to have a destmctir e reed * 

We Bust rsplses the inforaation by re-writing* This is accoBplished 
by following each ORB transient by a WRITB poise* 

B* SBUCTlOl 07 KATRIX LATOUT TOR MEM CRT 

Haring a aethod for storing and reading Inforaation, howerer, 
is but the first step in the design of a working nsaory* It has becoae 
increasingly clear as digital inforaation handling systens hare dereloped 
that the nost difficult problea for idiich to find an econonical solution 
is that of selecting eaong the storage cells of a aestory* Certain of the 
coBpIeted aeaories hare found their solution in asking tiae one of the 
coordinates in the selection of aeaory cells* The aerctiry-delay-line and 
the aagnetic-droB aenories fall into this category* for the attainaent 
of truly hi^iwspeed oi>eration, howerer, a randoa-access aeaory in which tiae 
is not one of the selection coordinates is felt to be necesssuy* The 
sleetrostatie storage tube as used in the Whirlwind coapnter is one of 
the few working aeaories to fall into this latter category* 

The poseibility of locating the storage eleaents in a aulti- 
diaensionel aatriz where selection is inherent in the storage eleaents 
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theBselTei is a recent and most pnmislxtg scheme for solring the selection 
9 10 

problem* This basic idea is bein^ inrestigated for ferromagnetic storage 

using a matrix of small toroids at the M. 1. T. Digital Computer Laboratory* 

It will now be shown how the same basic idea can be used for ferroelectric 
materials* as first suggested by Jay V* Forrester* The three-to-one 
selection scheme to be described was the outgrowth of work done by E* R* 
Rwerett*^^ 

C. DitSCfilFTIOH OJ TES MATRIX MBMQRT 

An economical method for selection among H objects is to arrange 
them in a square matrix so that by the selection of one row and one column 
the object at the intersection of that row and column is selected* The 
selection problem is at once reduced from selection among H objects to 
the problem of making 2 selections* each from among R objects — one to 
find the proper row and one to find the proper column* Row this method 
can be used to select among the storsige elements of a memory* which in this 
case are ferroelectric condensers* will now be shown* 

Consider the square n-by-n siatrix of ferroelectric condensers 
shown in Tig* ?lsk* Haring selected a single row and a single column*, one 
nay redraw the matrix as it is seen looking between this row ausl column* 

As ceui be seen (Tig* 21b)* the selected condenser lies between the selected 
row and the selected column* In addition* condensers connect the selected 
row to each of the unused columns and the selected column to each of unused 
rows* Tinally* there is a condenser between each unused row and each 

9* Jay V* Torrester* "Digital Infonation in Three Dimensions Using Magnetic 
Cores** Project Whirlwind Report &>187* (September 8* 195U)» N*1*T* Serro- 
mechanisms laboratory* 

10* V* H* Papian* *A Coincident-Current Magnetic Memory Unit** Project 
Whirlwind Report ^192* (September 8* 1950)* M*1*T* Sorromechanisms laboratory* 

11* R* R. Irerett* "Selection Systems for Magnetic Core Storage** Project 
Whirlwind Rngineering lots R-413* (August 7* 1951)* W*1*T* Serromechanins 
laboratory* 






APPROVED FOR PUBLIC RELEASE. CASE 06-1104. 





Report E-212 -21^ 

unuead coItuuu 

Bagardlese of what voltages aro applied to the aeleoted row 
and the selected coltunn* the unused rows will all he, hy syimietryt at the 
sane potential* and the unused eoluBins will likewise he at the same potential* 
Ve can therefore* for this analysis* Join the unused rows and sum the 
parallel condensers (fig* 21c)* Similarly* we can Join the unused colusms* 

We now see that a Toltage applied between the selected row and the selected 
column will be directly across the selected condenser* In addition* this 
Toltage will split among the three summed condensers* giring each of them 
a lesser Toltage* The greatest of these lesser Toltsiges is defined as the 
disturbing Toltsigo* and the ratio of the roltage on the selected condenser 
to the disturbing Toltsige is defined as the selection ratio* 

The siimsMd condenser which Joins the unused colTusns and the 
unused rows is i^l times as large as the other two summed condensers* 

If the unueed rows and unused columns are left floating (Tig* 22a) * a 
▼oltage appears across this large condenser equal to iy(2iwl) of the 
Toltage across the selected condenser* Across the smaller summed condensers 
a Toltage equal to (iwl)/(2i^l) of the Toltage across the selected condenser 
appears* Thus the selection ratio is 1 l (iwl)/(2xwl)» Tor a 2 by 2 matrix* 
the ratio becomes 1 i I /3 (three-to-one) * and as n becomes large the ratio 
rapidly approeu;hes 1 : I /2 (two-to-one)* This is illustrated by the Table IT* 


Table IT Selection Ratio ts Matrix Size 


MATRIX SIZI 

SXIBCTIOI RATIO 

2x2 

3*00 > 1 

3x3 

2*50 t 1 

4x4 

2*33 t 1 

5x5 

2.25 : 1 

6x6 

2*20 : 1 

7x7 

2*17 t 1 

8x8 

2*14 : 1 

16 X 16 

2*07 I 1 

00 X 0^ 

2*00 t 1 
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Groonding the usaeed rove and umeed colTiane (n.g» 22b) caueee 
lero Toltage to appear acrosi the large condenser and a voltage of one-half 
to appear across the soall condensers* The selection ratio is always 2:1 
with this schene regardless of the sise of the natriz* 

PresuBiable we would always be somewhere between these two 
oases« depending upm the internal resistance of the source used to apply 
voltage to the leads* Wot a aatrlz of size 16 by 16* the first seheae 
gives a selection ratio of 2jiF : 1 and the second a ratio of 2 : 1* a 
difference of 35^* It therefore appears that the internal resistance of the 
voltage source has little effect upon the operation of the matrix for sizes 
which at present seem to be desirable* 

A third scheme for driving the matrix appears to be promising*. 
Instead of letting the unused rows and colusus float or be grounded* the 
selection ratio can be improved by driving the unused rows and columns to 
voltages such that the voltage across the large summed condenser Just 
eq[uals the voltage across each of the smaller summed condensers (7ig* 22c)• 
Although this scheme involves additional driving problems* it makes the 
selection ratio 3 s 1 regardless of the matrix size* This means that the 
hysteresis loop of the ferroelectric material need only be capable of dis¬ 
criminating between two voltages which bear a three-to-one relationship 
to each other* 

Selection of a row and a column allows us to apply a BlAl) or WHITI 
voltags to one condenser in the matrix while applying a lesser DISTDBB voltage 
to other condensers in the matrix* Tigure 20 illustrates the requirements 
placed on the hysteresis loop by this type of operation* The elementary 
ferroelectric condenser in the matrix must be able to switch when a BXAS 
poles or a WUTI pulse is applied* At the same time it must be able to 
retain substantially all of its remanent charge during the application of 
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a large xnuber of Q13T0RB pulses* The tests described, designated ae 
Mode B, were specifically designed to test a aaterial for this applica¬ 
tion* 

D. NGIB B IBSTS 

As already mentioned, our ability to read information out of a 
memory is the true measure of the memory* s ability to retain information* 

If the memory, under a large number of disturbances, loses most of its 
remanent charge and yet we are able to reliably determine the algebraic 
sign of idiat little remaine, we may hawe a wording memory* It hae been 
the obserration thus far, howerer, that our ability to read out of the 
memory, that is, to discriminate between the two kinds of transients,, is 
the weak link in the system* On a peak-amplitude basis, discrimination is 
completely out of the question (glance at photographs in Tigs* 11, 12, 13)« 

A more fundamental basis for discrimination is a comparison of the areas 
under the two transients* such as an integrator would see* figure 24 is a 
plot of this area ratio Tsrsus temperature for Node A operation (ne di^ 
turbances) at 8*2 wolte per ail for Olenco "X-13* barium titanate ceramic* 

The four-to-one area ratio is just barely usable for reliable discrimination* 
When disturbances are inserted between WHITS and EKAD, howerer, this ratio 
falls to a low value, defying discrimination* 

As we look at the transients in search of a means to discriminate 
between them, we notice that the most striking difference Is in their 
wavefoms* There is a time, about a microsecond or so sufter the waveform 
starts, when the noi^switohing transient hae dropped almost to sero and 
the switching transient, due to its slowness, still has considerable ampli¬ 
tude* If the waveform is sampled at a time when the amplitude ratio between 
the two transients is a marlmum, good discrimination is possible* 

The problem of detecting the current trsmsient on the selected 
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row (or eolon) of a aatrlz ia nloaljr bandied by traaafozner coupling*. 

Uain^ ainclo-tum coupling, wlroa to all of the rows can be threaded 
throo^ a rln^ahaped aa^netle core (Tig* 25C lower)* A secondary wlnd- 
iac can then be coupled Into a sensing cljrcuit* If half of the vires are 
threaded throu^ in one direction and half in the other dlrectlont the 
snail unwanted transients on the unused rows will tend to cancel* With 
this latter arran^^ent, howsTer, the sensing aapllfier anst be prepared 
to look at either a posltlTe^goin^ waweforB or a negative-goin^ waTefom 
due to the transient in the selected row* 

The upper nine photographs (3 z 3 aatrlz) of figure 25A is an 
introduction to the Node B aeasureaents* The left>hand eoluan are Node A 
warefons for a 100-Tolt BXA1 )l.VB 1TB pulse* The pulse itself is shown in the 
top row* the transient as seen across a resistor in the aiddle row, and the 
transient as seen when trauasfoxner-eoupled in the bottoa row* The aiddle 
eoluan is an identical sequence for a 50-TOlt DISTUBB pulse* once a^in 
Node A* The rl^t-hand eoluan in the l(XX>wolt BIAA-VBITI pulse and the 
50»walt disturb pulse supe ria peeed in a Node B test* The details of 
the trsmsforaer oouplin^ in shown in the upper part of figure 25C* The 
saaple used in these tests is a piece of Olenco body *JU-18** 

The lower photographs of figure 25A illustrate the tiae-aaplitude 
diseriaination principle* Doe to transfomer coupling, the UIDISTUBBXD 
OHB and DISTQBBID OKI are of opposite polarities* 

figure 25 B is a sequence of photographs showing the drop in sapU*. 
tude of a DISTUBBXO OIB as the aaplitude of DISTUBB ixxlses is increased* 

The BKADuVBITl Toltage is held constant* It can be seen that with this 
aaterial ul J : 1 selection ratio will allow diseriaination whereas a 2 : 1 
selection ratio will not* 

It was found that aost of ths loss of aaplitude is due to the 
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first DISTDBB pulse* All chants in ehar^ due to DISIVBB pulses are 
either of a rererslble or an irrererslble nature* Those of an irreTersible 
nature cause the remeoant charge to dlBlnish* idiile those of a rerersible 
nature cause no loss of remanent .^harge* It appeeirs as If the first DISTDBB 
pulse "uees up* all, or nearl7 all, of the irrererslble changes so that 
subsequent DISTUBS inlses cause little or no further diminution* To test 
this hypothesis, the Mode B test sas tMporarlly modified to glre tviee as 
many DISTUfiB pulses* The ehan^ in the DISTUHB 0MB vareshape shen this 
change was made was less than the width of the scope trace* 
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THB MBRCMJtCTHlC SWITCH 


A Bultl-poBltlon ferroelectric switch Is proposed ^Ich can 

•% 

accoBi)llsh many of the switching tasks In an Information handling system; 

In particular* It can select among the rcws and columns of a ferroelectric 

memory* The loglceil circuitry of the ferroelectric switch can be psdnted 

directly onto the two sides of a thin ferroelectric sheet* 

The noz^llnear electric dlsplacement-Tersus-fleld charMteristics 

of a ferroelectric can be utilized to construct a condenser ^ose capacitance 

Is a function of the applied Toltage* This phenomenon* ^Ich makes possible 

12 13 

the operation of a dielectric amplifier* ' Is the basis for the ferroelectric 
switch* figure 26 llluetrates the operation of the basic switch element—a 
simple filter which uses a non-linear condenser as Its series brsuich* 

With no direct Toltage across the condenser (fig* 26A)* the circuit bahawes 
like any ordinary tuaectlon B-C filter with the exception that distortion will 
result If the Input voltage Is large enough to drive the dielectric out of 
Its linear region* Transfer characteristics are shown for sinusoidal exci¬ 
tation* If a bias voltage T Is Inserted In the circuit as shown (fig* 26B)* 

0 

the operating point for the transfer characteristics Is shifted to a new 
point on the charga-versus-voltage charaieterlstlce of thj noiwllnear condenser* 
At this new point* the condenser has a much lower capacity and* therefore* 
the filter characterletlcs are changed la each a way that tha output 


12* Shepard Boberts* Barium TiBttl Barl u i^ttrontiun T) as loa - 
Llnear Blelectrles . M*1*T* Se*l>* Thesis* Department of Blectrlcal 
Inglnoerlng (l9h6)• 

13* Develoiaent Application si TAlMIfttB Ceramics SA lon-hlnear 

Circuit Blements* final Bei>ort Contract lo* W36-O39 sc-44606 file Bo* 
1902&-lC-49-5(^^060) Cleneo Corporation (August I5* 1950)* 
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dlBlnlahet in aaplitiide* With a flxed.-uplitnde inpat Tolta^, then, the 

* 

output Tolta^e can be changed by raryin^ the bias rolta^e T^* Tor ferro¬ 
electric evltch operationt ve need but tvo ralnee for T : when f ■ 0 the 

c 0 

twitch it iyi, and when T is equal to toae fixed walue hi^ enou^ to biat 

c 

the dielectric well into itt taturation region, the twitch it 0Ff « 

figure 27A illuetratet a two-potition ferroelectric twitch* The 

two non-linear condentert are aade at a tingle unit by firing a large 

electrode on one tide of a ferroelectric theet and two eealler electrodet 

on the oppotite tide* With S in petition thown, output 2 it biated Off*. 

and outpit 1 it 01* In the oppotite potition, output 2 it 01* 

figure 27B illuetratet an eight-petition ferroelectric twitch* 

Operation of the firet ttage, controlled by 8^, it the taae at the two- 

potition twitch* Subtequent etagti, howorer, hare the lower endt of their 

retittort connected to that the ewen retittort are connected to ground when 

the odd retittort art connected to 1 * and the erea retittort are connected 

0 

to when the odd retittort are connected to ground* There are eight 
pottible patht throng the twitch (fig* 28) only one of which will have 
all of itt condentert 01* With S^, aiti of the ei^t-poeition twitch 
tet an rhevn, outpit tero it 01* Outputt 1*. 3* ood 7 hare one condenter 
GTI^ outpite 2ft 4, and 6 hare two condentert QIT* and output 5 Bat all three 
oofidantert OTf^ The nunber of Off eoadentert taong the outputt follewt a 


Vinoaial dittribution (Table T)* 



All 

01 

One 

Off 

Two 

orr 

Three 

Off 

four 

m 

flee 

erw 

4-potition ewitoh 

1 

2 

1 




8-potition twitch 

1 

3 

3 

1 



l^potition twitch 

1 

4 

6 

4 

1 


3^petition twitch 

1 

5 

10 

10 

5 

1 
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Successful operation of the switch postulates that a single QIT 
condenser leading to an output will cause that output to he OFT* To test 
this, an el^t-posltlon switch was constructed (Tig* 29) using a thin 
(0*025-lnch) sheet of barium tltanate ceramic (Slenco body *X*l8*}a All 
of the ziox^llnear condensers were placed on the same sheet by firing 
electrodes on the two sides as shown* The signal enters the sheet Tia a 
large fired electrode (back view)* Two electrodes match this Input 
electrode on the opposite side (front view)* Among the two coodensers 
thus formed, one will always be Q7T and one will always be 01* lach of 
these two electrodes Is enlarged to match up with two electrodes on the 
opposite side which are alongside the Input electrode* One of each pair 
of this third set of electrodes will be OFF* JTlnally the signal goes 
throng the dielectric a third time coming out on one of the el^t small 
electrodes (front Tlew)* 

The operation of the switch Is Illustrated graphically by Tig* 30* 
Vlth a constant-amplitude slna-ware Input of warlable frequency, the rms 
output at terminal 7 was sieasured as a function of frequency for each of 
the el^t possible combinations of 8^* S^, and S^* At 800 cps, the best 
operating frequency for this particular design, the ratio of 01 Toltage 
to the hli^est OTT Toltage Is greater than three to one* This operating 
frequiency can be shifted higher or lower by changing the size of the coo- 
densers and resistors* Both steady-state and pulse tests on this dleleotrle 
Indicate that the operating frequency can be shifted up to seTeral mega¬ 
cycles per second* If the resistors are replaced by Inductors, the output- 
Tersua>frequency characteristics can be Improred and losses are lowered* 

Tor pulsed operation of this switch, a noi^llnear condenser Is 
used In both the series and shunt arms of the filter* Tig* 3IA Illustrates 
such a switch idilch Is so arranged that when the series condenser Is 01» the 
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shunt condenser is Gft (Tic* 3^)# wben the series condenser is QifT« 
the sfannt condenser is QI (Tig* 31C)* The filter looks like a condenser 
▼ol t e ge -diTider to the rising ed^ of a pulee* The divider has either 
a large condenser in its upper leg and a small condenser in its lower leg 
or vlc^Tersat depending on idxether the switch in OB or 07B» 

The ferroelectric switch is proposed as a means for driving the 
rows and columns of a ferroelectric menory and for switching within am 
information-handling system* Its unique packaging nedces it promising in 
apiilicatloas where siiot weightt and cost are important considerations* 
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SUMMARY ^ OUTLOCK 


The InTeeti^tlons started la this thesis are being contiimed in 
the M«L«Ti» Digital C oeiput e r lAtaoratory* As the 'fsirloas parts of the thesis 
are briefly snniarised below, em attempt is made to indicate the direction 
of present and fatnre work in this field* 

A. USTUB K^lBOJCr AID TKGHXK^JBS 

This thesis has described eqaipeent and techniques which can be 
used to eraluate ferroeleetrios for digital inforaation-storage and switching 
applications* The equi^nent petsdta obeerTation of switching transients 
whose total duration Is less than 1 aicroseeond*. Provision is made for 
control of pulse amplitude and temperature* 

Pulse-testing of ferroeleetrios will continue on a routine basis 
in search of improved aaterials for these applications* Two basic pulse- 
tester improvements are planned for the near future* first, the thyratron 
will be eliminated in favor of hard tubes so that shorter pulses can be 
applied* Second, the relay switches will be replaced by electronic switches 
so that the pulse-repetition frequency can be increased* These changes 
will result in operating conditions more nearly like those found in a 
modem information-handling system* In addition, they will make photography 
easier (many of the photographs shown wore two-minute exposures)* 

B. IlRRGBliBCTRlC MATERIALS 

Tirtually the only obstacle impeding progress in this field is 
the desirth of suitable materials* Of the semples tested, only Olenoo 
body *Z-18” (A in figure 4) showed promise for storage applications* A 
subsequent batch of presumably the same material was inferior to the 
first batch* "Aging* effects were noted when this material sat idle for 
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two during which it acquired a mall degree of aBynsetry la Ite 

fi-B characterletic* 

In spite of the present llBitatloni» there is cause for optlalsB* 
Mach progress has been nade in the science of Baking ferroelectric ceraales 
within the past few yeara* Mostly due to other applications of bariua 
tltanate (plesoelectric transducers)^ unlforaitj has stsadilj iaprewed* 

Be searchers hare recentljr discorersd aany ferroalBetrle Talaliasv of 
barluB tltanate* each of which Bast he isTesti^ktsd as a pesBlhls eaadidate 
for these applications* Many of these new ferroeleetries ha;Te a hi^er 
Curie teaperattire than bariua tltanate* 

Slngle-doaain bariua tltanate crystals bare been grown idiieh haws 
properties superior to those of the eeraalcs for our applications* At the 
Bell Telephone Laboratories* Murray Elll*’Bew Jersey* J* B* Anderson Is 
studying nany of the sane probleBS using bariua tltanate single crystals 
grown at that laboratory* 

C. IKBBQBUCTRIC STOBAOB ABB SWITCEIKG DITICKS 

This thesis has described a nethod for storing Inforsiatlon in 
ferroelectric condensers and an efficient aeans for selecting aaong a 
group of svtch condensers by asseabllng them In a two-^laenslonal aatrix 
where selection Is accoBplished by pulsing one row and one coluBn of the 
Biatrlx* A means for achieTlng a 3 t 1 to 1 tags-select ion ratio has been 
dewlsed* and a systea has been described for aizlng the InforBatioiw 
output current pulses of the Batrlz by trsneforaer coupling* Inforaatlon 
writing and reading hare been daaonstrated under zapetitiTe conditions 
which slflulate matrix operation* Switching tias for eome ferroeleotrie 
ceraaics has been shown to be in the l^icrosecond region* 

A ferroelectric switch has been described which can aceoaplish 
aany of the swltchl^ tasks in an Infomation-handling systea* An 
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8-position Bodel of such a switch was dsaonstrated* 

Perhaps the most striking feature of the natriz nemo 17 and the 
switch is their packaging* The logical circuitry of both can be painted 
directly onto the two sides of a thin sheet of ferroelectric cerauslc* 

If we consider the ferroelectric switch as a box with inputs 
and outputs» with a unique output for every conbination of inputs* we 
are free to define this unique relationship* We may* for ezaaple» define 
the output as the sun of the inputs* and thereby specify an adder* ^ich 
can then be padnted and packaged as neatly as the nsBory* 

Many interesting fabrication techniques have been suggested to 
the author during the course of this thesis* One suggestion is to stake 
a Bask through which the circuitry can be evaporated or sprayed* Another 
is to paint the entire ferroelectric ceraaic sheet with silver-paste or 
evaporated-silver electrodes* and then photoengravs the logiesQ. etr c n l try* 
Thinner ceranic sheets will allow lower voltages to be used* 
Mechanical strength places the only practiced Halt on how thin the 
ceraaic sheets can be made* Sheets as thin aa 0*06 -b 11 have been fired 
on platinuB foil* 

Pabrication and packaging inproveaents at first appear rather 
superficial as conpared with the problea of getting a device that works* 
The engineer who has worked closely with large-scede digital conpaters* 
however* ivediately sees in ferroelectric painted coaponents a chance to 
eliainate thousands of the bad Joints and soldered connections which have 
plagued hia* The natheaatician who has probleas which aust wait for 
coaputers having higi^speed internal aaaories auch larger than those of 
today sees in ferroelectrics the proaise of realising such aeswrles* 
both physically and econoaically* The designer of aircraft electronic 
equipaent sees in ferroelectric painted switches a light-wei^t and 
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compact component for airborne applications* The fabrication and pack> 
a^in^ possibilities of ferroelectric components for digital infonsation 
storage and switching are indeed promising and chsdlenglng* 




L. 
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FIG. I 

COMPARISON OF FERROMAGNETIC 
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FERROMAGNETIC STORAGE 



FERROELECTRIC STORAGE 


FIG. 3 

A COMPARISON OF FERROMAGNETIC 
a FERROELECTRIC STORAGE 
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FIG. 4 

FERROELECTRIC SAMPLES TESTED 
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MODE A. WAVEFORM FOR SWITCHING-TIME STUDIES 



MODE B. WAVEFORM FOR ANALYSIS OF EFFECT 
OF DISTURBANCES ON RESIDUAL 
DISPLACEMENT 


FIG. 5 

IDEALIZED FERROELECTRIC PULSE-TEST WAVEFORMS 
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LARGE 

CONDENSER 



A. BASIC FERROELECTRIC PULSE-TEST CIRCUIT 


t= 0,THYRATRON FIRED. 

♦ 

' V, 


B. VOLTAGE ACROSS 
LARGE CONDENSER 
DURING PULSE. 
(POINT A TO GROUND) 


C. VOLTAGE ACROSS 
THYRATRON AND SMALL 
R DURING PULSE. 
(POINT B TO GROUND) 


+ V- 
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TIME 
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D. VOLTAGE ACROSS 
SAMPLE UNDER TEST 
DURING PULSE. 
(POINT A TO POINT B) 


+V-Vt 



+V-v^-v 


FIG. 7 

C METHOD OF PULSE TESTING FERROELECTRICS 
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BLOCK DIAGRAM OF FERROELECTRIC 
PULSE-TEST EQUIPMENT 




















CIRCUIT SCHEMATIC. FERROELECTRIC PULSE TESTER 
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V READ-WRITE * 120 V 

V DISTURB * 30V 
SELECTION RATIOs4«l 

DISTURBED ONE 

V READ-WRITE * 120V 

V DISTURB = 40V 
SELECTION RATIO *3«l 

DISTURBED ONE 

V READ-WRITE * 120V 

V DISTURB®50V 
SELECTION RATI0 = 2.4«I 

DISTURBED ONE 

V READ-WRITE ® 120 V 

V DISTURB = 60 V 
SELECTION RATIO » 2»l 

DISTURBED ONE 




MEASUREMENTS MODE B 

AS A FUNCTION OF V DISTURB AT CONSTANT V READ-WRITE 
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SAMPLE 

UNDER 
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A. TRANSFORMER COUPLING USED IN MEASUREMENTS MODE B 



B. TRANSFORMER-COUPLING METHOD FOR SENSING 
FERROELECTRIC MEMORY 

FIG. 25 c 

TRANSFORMER COUPLING FOR SENSING 
FERROELECTRIC MEMORY 
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' FIG. 26 

FERROELECTRIC SWITCH OPERATION 
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FIG. 31 

FERROELECTRIC SWITCH FOR PULSES 
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FERROELECTRIC SAMPLE UNDER TEST 
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FIG. 12 

MEASUREMENTS MODE A-n 

CURRENT-VERSUS-TIME WAVEFORMS AS A FUNCTION OF 
TEMPERATURE AT CONSTANT PULSE VOLTAGE 
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FIG. 13 

MEASUREMENTS MODE A-nr 
CURRENT-VERSUS-TIME WAVEFORMS AS A FUNCTION OF 
TEMPERATURE AT CONSTANT PULSE VOLTAGE 
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TEMPERATURE - DEGREES CENTIGRADE 
FIG. 14 

DIELECTRIC LOSS FROM MEASUREMENTS MODE A 

AS A FUNCTION OF TEMPERATURE FOR THREE PULSE AMPLITUDES 
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TEMPERATURE-DEGREES CENTIGRADE 
FIG 15 

DIELECTRIC LOSS FROM STEADY - STATE MEASUREMENTS 

AS A FUNCTION OF TEMPERATURE AT CONSTANT FIELD STRENGTH 
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FIG. 17 

APPROXIMATE SWITCHING TIME FROM MEASUREMENTS MODE A 
AS A FUNCTION OF TEMPERATURE FOR TWO PULSE AMPLITUDES 
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EIGHT BY EIGHT FERROELECTRIC MEMORY 
















-sosO 


APPROVED FOR PUBLIC RELEASE. CASE 06-1104. 



J 


0 


+Qr 


T 


V 


J. _ 

-Or 



DISTURB 

READ 


FIG. 20 

DISCRIMINATION BETWEEN TWO VOLTAGES 
REQUIRED OF HYSTERESIS LOOP 
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FIG. 21 

MATRIX REDUCTION 
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INTRODUCTION TO MEASUREMENTS MODE B 
















